1 Genes embedded in H3 lysine 9 methylation (H3K9me)-dependent 2 heterochromatin are transcriptionally silenced 1-3 . In fission yeast, 3 Schizosaccharomyces pombe, H3K9me heterochromatin silencing can be 4 transmitted through cell division provided the counteracting demethylase Epe1 5 is absent 4,5 . It is possible that under certain conditions wild-type cells might 6 utilize heterochromatin heritability to form epimutations, phenotypes mediated 7 by unstable silencing rather than changes in DNA 6,7 . Here we show that resistant 8 heterochromatin-mediated epimutants are formed in response to threshold 9 levels of the external insult caffeine. ChIP-seq analyses of unstable resistant 10 isolates revealed new distinct heterochromatin domains, which in some cases 11 reduce the expression of underlying genes that are known to confer resistance 12 when deleted. Targeting synthetic heterochromatin at implicated loci confirmed 13 that resistance results from heterochromatin-mediated silencing. Our analyses 14 reveal that epigenetic processes allow wild-type fission yeast to adapt to non-15 favorable environments without altering their genotype. In some isolates, 16 subsequent or co-occurring gene amplification events enhance resistance. 17 Thus, heterochromatin-dependent epimutant formation provides a bet-hedging 18 strategy that allows cells to remain genetically wild-type but transiently adapt 19 to external insults. As unstable caffeine-resistant isolates show cross-20 resistance to the fungicide clotrimazole it is likely that related heterochromatin-21 dependent processes contribute to anti-fungal resistance in both plant and 22 human pathogenic fungi. 23
3

Main Text: 24
H3K9me heterochromatin can be copied during replication by a read-write 25 mechanism 4,5 and has been observed to arise stochastically at various loci, albeit only 26 in the absence of key anti-silencing factors [8] [9] [10] [11] . We reasoned that if heterochromatin 27 can redistribute in wild-type S. pombe cells epimutations could be generated that 28 allow cells to adapt to external insults. Unlike genetic mutants we predicted that such 29 epimutants would be unstable, resulting in gradual loss of the resistance phenotype 30 following growth in the absence of the external insult. To explore this possibility, we 31 chose to test caffeine resistance because deletion of genes with a wide variety of 32 cellular roles is known to confer resistance 12 , thereby increasing the chance of 33 obtaining epimutations. We also reasoned that such unstable epimutants would 34 occur more frequently at moderate caffeine concentrations that prevent most cells 35 from growing (16 mM) rather than at high stringency selection (20 mM) used in 36 screens for genetic caffeine-resistant mutants 12 . 37
As other secondary events might also occur upon prolonged growth on caffeine, we 38 froze one aliquot of each isolate as soon as possible after resistant colony formation 39 and then froze consecutive aliquots of each isolate after continued growth on caffeine 40 ( Fig. 1a ). This provided a time series, permitting detection and separation of potential 41 initiating and subsequent secondary events. 42
Colonies that grew after plating wild-type fission yeast (972 h -) cells in the presence 43 of caffeine (16 mM caffeine, +CAF) were picked. Following freezing, isolates were 44 then successively propagated in the absence of caffeine (-CAF). Re-challenging 45 isolates with caffeine revealed that 23% lost their caffeine resistance after 14 days of 46 5
The ncRNA.394, ppr4, grt1, fio1 and mbx2 loci have not previously been implicated 69 in caffeine resistance. Interestingly, 24 of 30 unstable isolates showed an ectopic 70 heterochromatin domain over the ncRNA.394 locus (Extended Data Fig. 3a and 71
Supplementary Information Table 1), and reduced levels of transcripts were present 72 ( Fig. 2c ), suggesting that transcriptional silencing within this region might mediate 73 caffeine resistance. ncRNA.394 was previously described as a heterochromatin 74 'island' 8 , yet H3K9me2 levels over this locus were close to background in wild-type 75 cells and only increased in the absence of the counteracting demethylase Epe1. Our 76 analysis failed to detect H3K9me2 over ncRNA.394 in untreated wild-type cells (Fig. 77 2b and Extended Data Fig. 3a) . 78
Deletion of ncRNA.394 did not result in caffeine resistance (Extended Data Fig. 3b ). 79
Prolonged non-selective growth without caffeine of cells exhibiting the ncRNA.394 80
H3K9me2 domain resulted in loss of H3K9me2 over this region, whereas growth with 81 caffeine present extended the H3K9me2 domain upstream to include the 82 SPBC17G9.13c + and SPBC17G9.12c + genes (Extended Data Fig. 3c ). Deletion of 83 SPBC17G9.12c + or eno101 + did not result in caffeine resistance (Extended Data Fig.  84 3b). SPBC17G9.13c + is essential for viability precluding testing a deletion mutant for 85 resistance. Together these analyses suggest that reduced expression of 86
SPBC17G9.13c + may mediate caffeine resistance. 87
To test directly if heterochromatin formation at these specific loci can result in caffeine 88 resistance, tetO DNA binding sites were inserted at the hba1 and ncRNA.394 loci and 89 a TetR-Clr4* (catalytically active but lacking the Clr4 chromodomain) fusion protein 90 expressed to force assembly of synthetic heterochromatin upon recruitment to these 91 6 loci 4,5 . Combining tetO with TetR-Clr4* in the absence of anhydrotetracycline (-AHT) 92 resulted in a novel H3K9me2 domain at each locus and growth of cells in the 93 presence of caffeine ( Fig. 3 and Extended Data Fig. 4 ). This indicates that 94 heterochromatin-mediated silencing at either the hba1 or ncRNA.394 loci results in 95 caffeine resistance. Because TetR-Clr4* tethering close to SPBC17G9.13c + resulted 96 in caffeine resistance we surmise that reduced expression of the SPBC17G9.13c + 97 gene upstream of ncRNA.394 is likely responsible for caffeine resistance at this locus. 98
Remarkably, we found that strains with forced synthetic heterochromatin at either 99 hba1 or ncRNA.394 loci displayed resistance to the widely-used clinical fungicide 100 clotrimazole ( Fig. 3 
, +CLZ). Further investigation of our unstable caffeine-resistant 101
isolates revealed that those with heterochromatin formation at the hba1 (UR-1) and 102 the ncRNA.394 (UR-2) loci are also resistant to clotrimazole and generate small 103 interfering RNAs (siRNAs) homologous to the surrounding genes (Extended Data Fig.  104 
5). 105
In addition to a heterochromatin domain over ncRNA.394, analysis of ChIP-seq input 106 DNA indicated that many independent unstable caffeine-resistant isolates also 107 contained overlapping regions of chromosome III present at increased copy number 108 (Extended Data Fig. 6 ). In 11 of 12 isolates, the minimal region of overlap contains the 109 cds1 + gene, overexpression of which is known to confer caffeine resistance 17 . To 110 determine if amplification of the cds1 locus occurred before or after formation of the 111 ncRNA.394 H3K9me2 domain we analyzed a sample frozen later in the time series 112 7 cds1 locus amplification arose later (7 days +CAF) (Extended Data Fig. 7a ). These 115 data suggest that development of resistance is a multistep process in which a 116 combination of different events can increase resistance. In agreement with this 117 hypothesis, deletion of clr4 + in the initial UR-2 isolate (4 days +CAF) resulted in loss 118 of caffeine resistance in all transformants tested (6/6) (Extended Data Fig. 7b and 1c) . 119
However, only half of the transformants (3/6) lost resistance to caffeine when clr4 + 120 was deleted in the isolate displaying cds1 locus amplification (7 days +CAF), 121
suggesting that once amplification of the cds1 locus occurs heterochromatin is not 122 required for resistance. In UR-2 a new heterochromatin domain occurred before 123 cds1 + amplification but it is possible that events are stochastic and occur in no fixed 124 order. Interestingly, both events -the ncRNA.394 H3K9me2 domain and cds1 locus 125 amplification -are unstable and lost following growth in the absence of caffeine 126 (Extended Data Fig. 7c ). 127
To investigate the dynamics of heterochromatin domain formation in response to 128 caffeine we exposed wild-type cells to low (7 mM) or medium ( To determine if other insults also induce novel heterochromatin domains, we exposed 141 wild-type cells to oxidative stress by addition of hydrogen peroxide (1 mM). ChIP-seq 142 for H3K9me2 revealed the presence of ectopic heterochromatin domains at similar 143 locations to those observed in low caffeine treatment, albeit H3K9me2 levels were 144 lower ( Fig. 4b ). Thus, our results reveal an adaptive epigenetic response following 145 exposure to external insults, and suggest that stress-response pathways may 146 regulate activities that modulate heterochromatin formation thereby ensuring cell 147 survival in fluctuating environmental conditions (Extended Data Fig. 8 ). 148
It is well known that DNA methylation-dependent epimutations arise in plants and are 149 propagated by maintenance methyltransferases 18, 19 . RNAi-mediated epimutations 150 have been shown to arise in the fungus Mucor circinelloides 20 , but it is not known if 151 these are DNA methylation or heterochromatin dependent. As fission yeast lacks DNA 152 methylation 21,22 this epigenetic mark cannot be responsible for the epimutations 153 described here. Instead our analyses indicate that these adaptive epimutations are 154 transmitted in wild-type cells by the previously-identified Clr4/H3K9me read-write 155 mechanism 4,5 . 156
Our findings prompt the question as to why epimutants have not been detected 157 previously in mutant screens. Phenotypic screens are usually very stringent, and 158 generally only the strongest mutants are retained for further investigation and 159 eccentric mutants are discarded. Here we essentially select for weak mutants by 160 applying low doses of a drug that is at the threshold of preventing the growth of most 161 9 cells. Selection was applied for a short period of time in order to maximize the chance 162 of identifying isolates that exhibit unstable phenotypes prior to the development of 
Yeast strains and manipulations 243
Standard methods were used for fission yeast growth, genetics and manipulation 25 . 244 S. pombe strains used in this study are described in Supplementary Information Table  245 S2. Oligonucleotide sequences are listed in Supplementary Information Table S3 . For 246 pDUAL-adh21-TetR-2xFLAG-Clr4-CDD (abbreviated as TetR-Clr4*), the nmt81 247 promoter of pDUAL-nmt81-TetR-2xFLAG-Clr4-CDD 4 , was replaced by the adh21 248 promoter (pRAD21, gift from Y. Watanabe). NotI-digested plasmid was integrated at 249 leu1 + . Pap1-N424STOP strain and strains carrying 4xtetO insertions were 250 constructed by CRISPR/Cas9-mediated genome editing using the SpEDIT system 251 (Allshire Lab; available on request) with oligonucleotides listed in Supplementary 252
Information Table S3 . Yeast extract plus supplements (YES) was used to grow all 253 cultures. 16 mM caffeine (Sigma, C0750) was added to media for caffeine resistance 254 screens and serial dilution assays. Caffeine-resistant colonies that formed after seven 255 days were picked and patched to +CAF plates. After four days of growth, isolates 256 were frozen (4 days +CAF). 4 days +CAF isolates were repatched and grown for three 257 days on +CAF plates and then frozen (7 days +CAF). Subsequently, 7 days +CAF 258 isolates were repatched every three days on +CAF plates up to twenty days of total 259 growth on +CAF plates (20 days +CAF). 0.29 µM clotrimazole (Sigma, C6019) was 260 added to media for clotrimazole resistance serial dilution assays. 7 or 14 mM caffeine 261 (Sigma, C0750), or 1 mM hydrogen peroxide (Sigma, H1009) were added to media 262 for 18 hours for drug treatment experiments. To release TetR-Clr4*, 10 µM 263 anhydrotetracycline (AHT) was added to the media. 264
Serial dilution assays 265
Equal amounts of starting cells were serially diluted four-fold and then spotted onto 266 appropriate media. Cells were grown at 30-32 o C for 3-5 days and then photographed. 267
Chromatin immunoprecipitation (ChIP) 268
ChIP experiments were performed as previously described 26 using anti-H3K9me2 269 
ChIP-seq library preparation and analysis 280
Illumina-compatible libraries were prepared as previously described 26 using 281
NEXTflex-96 barcode adapters (Bioo Scientific) and Ampure XP beads (Beckman 282
Coulter). Libraries were then pooled to allow multiplexing and sequenced on an (deepTools v2.0) and ratios IP/input were calculated using BamCompare (deepTools 293 v2.0) 30 in SES mode for normalisation 31 . Peaks were called using MACS2 32 in PE mode 294 and broad peak calling (broad-cutoff = 0.05). Region-specific H3K9me2 enrichment 295 plots were generated using the Sushi R package (v1.22) 33 . 296
SNP and indel calling 297
SNPs and indels were called as described 34 . Trimmed reads were mapped to the S. Oligonucleotides used for qRT-PCR are listed in Supplementary Information Table  313 S3. qRT-PCR histograms represent three biological replicates; error bars correspond 314 to the standard deviation. * P < 0.05 (t test). 315
Small RNA-seq 316 50 mL of log-phase cells were collected and processed using the mirVana miRNA 317
Isolation kit (Invitrogen). Resulting sRNA was treated with TURBO DNase 318 (Invitrogen) and used for library construction using NEBNext Multiplex Small RNA 319 Library Prep Set for Illumina (New England Biolabs) according to manufacturer's 320 instructions. Libraries were pooled and sequenced on an Illumina NextSeq platform 321 by 50 bp single-end sequencing. Raw reads were then de-multiplexed and 322 processed using Cutadapt (v1.17) to remove adapter contamination and discard 323 reads shorter than 19 nucleotides or longer than 25 nucleotides. Coverage plots were 324 generated using SCRAM 39 . 
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UR-2 +14 days -CAF UR-2 after growth on -CAF media for 14 days B4460 hba1Δ h-hba1Δ::
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UR-2 after growth on +CAF media for 3 days and then on -CAF media for 14 days Supplementary Information Table 3 . Oligonucleotides used in this study. a, H3K9me2 ChIP-seq enrichment at the ncRNA.394 locus (left) and chromosome III coverage plots with overlaid segments (right) in UR-2 cells following prolonged growth on +CAF media for 3 days (7 days +CAF). Wild-type ChIP-seq input data were used as the reference for CNV analysis.
Name
b, clr4 + (clr4Δ) or an unlinked intergenic region (Control) were deleted in UR-2 cells (4 days +CAF) and UR-2 cells after prolonged growth on +CAF media for 3 days (7 days +CAF). All (6/6) UR-2 (4 days +CAF) clr4Δ transformants lost resistance to caffeine whereas only 50% (3/6) UR-2 (7 days +CAF) lost resistance to caffeine.
c, H3K9me2 ChIP-seq enrichment at the ncRNA.394 locus (left) and chromosome III coverage plots with overlaid segments (right) in UR-2 cells following prolonged growth on non-selective media for 14 days after prolonged growth on +CAF media for 3 days (7 days +CAF --> 14 days -CAF). Wild-type ChIP-seq input data were used as the reference for CNV analysis. Resistant isolates arise following exposure to a lethal insult. Resistance might be mediated by permanent, DNA-based mutations (resistant mutants) or reversible, heterochromatin-based epimutations (resistant epimutants). Upon insult removal, resistant epimutants can revert to the wild-type phenotype by disassembling ectopic domains of heterochromatin, whereas resistant mutants continue displaying the mutant phenotype due to the genetic nature of DNA mutations. 
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